Complications related to inadequate volume management are common during hemodialysis. This trial tested the hypothesis that availability of an intradialytic blood volume monitoring (IBVM) device improves fluid removal, reducing morbidity. A six-center, randomized trial with 6 mo of intervention comparing IBVM using Crit-Line versus conventional clinical monitoring was conducted. The average rate of non-access-related hospitalizations was compared across treatment groups using Poisson regression. Mortality analysis used the Kaplan Meier method. A total of 227 patients were randomized to Crit-Line, and 216 were randomized to conventional monitoring. Both groups had similar baseline characteristics. During the study, no differences in weight, BP, or number of dialysis-related complications were observed. There were 120 and 81 non-access-related hospitalizations in the Crit-Line and conventional monitoring groups. The adjusted risk ratio for non-access-related and access-related hospitalization was 1.61 (95% confidence interval 1.15 to 2.25; P ‫؍‬ 0.01) and 1.52 (95% confidence interval 1.02 to 2.28; P ‫؍‬ 0.04) for the Crit-Line monitoring group. Mortality was 8.7% in the Crit-Line monitoring group and 3.3% in the conventional group (P ‫؍‬ 0.021). Standardized mortality ratios comparing the Crit-Line and conventional monitoring groups to the prevalent hemodialysis population were 0.77 (NS) and 0.26 (P < 0.001). Hospitalization rates were 1.51 and 1.03 events/yr in the Crit-Line and standard monitoring groups, compared with 2.01 for the prevalent hemodialysis population. IBVM was associated with higher nonvascular and vascular access-related hospitalizations and mortality compared with conventional monitoring. The atypically low hospitalization and mortality rates for the conventional monitoring group suggest that these findings should be generalized to the US hemodialysis population with caution.
H emodialysis removes excess intravascular and extravascular volume and solutes accumulated with ESRD. Intradialytic hypotension and cramping are frequent complications of hemodialysis ascribed to excessive rate or volume of fluid removal (1) . Alternatively, inadequate volume removal may lead to chronic volume overload manifest as hypertension, left ventricular hypertrophy, and congestive heart failure (2,3). Removal of excess intravascular volume is complicated by symptoms, autonomic dysfunction, preexisting cardiovascular disease, and various medications. Imprecision in volume removal compromises hemodialysis patients' outcomes, including the patient's perception of dialysis quality (4) .
Medical devices that prospectively monitor blood volume have been advocated to better manage intradialytic volume removal (5) . Crit-Line (Hema Metrics, Inc. [formerly In-Line Diagnostics], Kaysville, UT) was developed to assist with volume removal by providing real-time assessment of patients' intradialytic volume status. Crit-Line noninvasively monitors hematocrits by optical transmission (6) . In smaller, uncontrolled studies, continuous hematocrit monitoring with Crit-Line correlated with intradialytic blood volume changes, and certain aspects of monitoring predicted intradialytic morbidity (7, 8) . Prompted by such findings, the Crit-Line Intradialytic Monitoring Benefit (CLIMB) Study tested the hypothesis that the availability of hematocrit-based intradialytic monitoring using Crit-Line would decrease morbidity associated with ultrafiltration in comparison with patient management using conventional clinical criteria such as symptoms, BP, weight, and physical examination.
Materials and Methods

Study Rationale, Design, Monitoring, and Interventions
Because of different rates of volume removal from multiple compartments (cellular, interstitial, and vascular), inadequate fluid removal during hemodialysis may be detected by the absence of intradialytic hemoconcentration. Alternatively, excessive ultrafiltration can be detected as rapid increments in the hematocrit. By serially measuring hematocrit in the blood tubing using an external optical sensor, CritLine detects intravascular volume changes that occur with ultrafiltration or fluid administration during hemodialysis (6, 7) . Therefore, it is proposed that intravascular volume monitoring using Crit-Line may serve as a prospective management tool for fluid removal and be superior to clinical judgment (7) (8) (9) (10) (11) .
The trial adhered to the Declaration of Helsinki. Informed consent was obtained. Patient eligibility for the CLIMB Study was defined as ESRD for Ն2 mo that required in-center hemodialysis three times a week and age 18 to 85 yr. Exclusion criteria were unmeasurable BP with a sphygmomanometer, active gastrointestinal bleeding, severe malnutrition (predialysis serum albumin Ͻ2.6 g/dl), active hematologic disease, kidney transplant or move to another dialysis unit scheduled within 12 mo of screening, malignancy requiring chemotherapy, use of Crit-Line at enrollment, and inability or unwillingness to provide informed consent. Patients were neither recruited nor excluded on the basis of previous ultrafiltration-related complications or target volumes. Patients were recruited from six dialysis programs that contributed 10 dialysis centers (Seattle, WA; Dallas, TX; Durham, NC; Washington, DC; Portland, ME; and London, Ontario, Canada).
After a 2-wk observation period, patients were randomized to 6 mo of intradialytic blood volume monitoring (IBVM) using Crit-Line or conventional clinical strategies. Practical considerations made it impossible to blind providers and patients. The site study coordinators were trained and tested on Crit-Line and then trained the clinical staffs.
Changes in intradialytic blood volume were profiled on the basis of the average slope of the change and the overall percentage change in blood volume (categories of Ͻ3%, Ն3 to Ͻ8%, and Ն8% change per hour). Changes in the profiles were intended to support modifications in the target postdialysis weight and/or antihypertensive medications. Instructions on the use of Crit-Line to monitor vascular access function were excluded to focus on volume management. Two weeks before and immediately after the intervention phase, Crit-Line was applied to all patients, and blood volume profiles were recorded and stored for subsequent analysis by Hema Metrics. The results from the first midweek dialysis session were used for assignment into one of the three aforementioned categories (9) . When data from the first midweek dialysis session were not available, information from the next dialysis was substituted.
A patient monitoring and intervention algorithm was developed to assist in management for the patients who were monitored with CritLine ( Figure 1 ). The primary investigators and their supporting medical staff all were experienced nephrologists with substantial experience in the care of hemodialysis patients. For all site primary investigators, Hema Metrics provided informational sessions regarding how the device had been used in previous studies. Monitors visited the sites to assess device usage and reinforce the previously provided education.
Algorithm use was encouraged but not mandated, in contrast to earlier studies (9) . This design was intended to assess the therapeutic efficacy of Crit-Line in a trial that permitted voluntary nonuse of the information from the device as brought about by provider education, staffing patterns, competing dialysis unit tasks, and other non-devicerelated confounders. Therefore, Crit-Line was studied as a voluntary adjunct to care. No algorithms, clinical management advice, or instructions were provided to care for conventionally monitored patients. For both patient groups, no restrictions were placed on the type or the frequency of interventions to manage intradialytic complications. Achievement of conventional benchmarks for hemodialysis care were expected for all patients (12) .
The primary outcome for power calculations was hospitalization (13) , based on the assumption that inadequate or overly aggressive fluid removal may independently result in increased morbidity. Hospitalizations were reported as cardiovascular, vascular access related (14, 15) , or other. Although hospitalizations were not centrally adjudicated, categories of hospitalization were captured and reported by the attending physicians. Several secondary measures and outcomes were selected to reflect measurements of blood volume and fluid management, including bioelectrical impedance parameters (surrogates of body water and nutritional status), pre-and postdialysis weights and BP, estimated dry weight, roentgenographic change in cardiothoracic ratio, left ventricular hypertrophy by electrocardiogram, dialysis-related complications, intradialytic interventions for volume-related signs and symptoms, angioaccess complications, and mortality.
A priori power analyses suggested that 200 patients in each arm would provide adequate power at the 93% level to demonstrate a 33% difference between treatment arms. These analyses assumed a hospitalization rate of 2.0 per year (13) . Randomization was performed by permuted block within each clinical center, and randomized patients who did not complete the trial were not replaced. Compac Visual Fortran was used to generate the random allocation sequence with the seed on the basis of the second of the day. Separate sequences were created for each site. The sites provided a list of subjects to the data coordinating center. On the basis of the previously generated sequence, the treatment assignments were faxed back to the clinical sites. The study protocol and informed consent form were reviewed and approved by local Institutional Review Boards. All patients signed an informed consent before study participation. Patient confidentiality was respected throughout.
Statistical Analyses
Baseline comparisons between groups were made using the Wilcoxon rank-sum test for continuous variables and the likelihood ratio 2 test for categorical variables. The average rate (incidence density) of hospitalizations was compared across treatment groups. This was defined as the total number of hospitalizations divided by the total number of person-years. As it was likely that some individuals would be much more prone to hospitalizations than others, a problem of overdispersion was anticipated. For correcting for this, the number of events for each individual was modeled using Poisson regression. The adjustments for overdispersion were made by adjusting the Hessian by the deviance (16) . Length of follow-up was adjusted for by using follow-up time as an offset variable (17) . The analyses were done with and without adjustment for confounding variables such as age, gender, race, primary renal diagnosis, comorbidity, etc.
Secondary measures and outcomes were analyzed using generalized linear regression models. Two-sided P values and 95% confidence intervals (CI) are reported. A mortality comparison between groups used the Kaplan Meier method and the log rank test.
A set of interim analyses were performed at the sponsor's request to evaluate the efficacy of Crit-Line on the basis of several secondary outcomes. Because these analyses did not involve the prespecified, primary outcome of hospitalization, adjustments for multiple comparisons were not performed.
Results
Baseline Characteristics
A total of 474 individuals were screened, and 443 were randomized between December 1999 and April 2001. A total of 227 patients were randomized to Crit-Line monitoring and 216 were randomized to conventional monitoring for 6 mo. All patients were analyzed, and their data were contributed to the analysis; patients who were lost to follow-up were censored at the point at which they were last seen ( Figure 2) . Overall, study patients had a mean age of 59.2 yr (median 61.0 yr), and 51% were male (Table 1) . Thirty-five percent of the patients were black, 59% were white, and 6% were other races. The prevalence of diabetes and history of myocardial infarction, stroke, atrial fibrillation, or congestive heart failure were not different between the groups. Other baseline, comorbid conditions such as hypertension, peripheral vascular disease, and chronic obstructive pulmonary disease were also similar. Vascular access types were autologous fistula in 35.5%, prosthetic graft in 43.5%, and percutaneous catheter in 22%. Delivered hemodialysis doses and serum albumin, creatinine, and hemoglobin concentrations were similar in both groups at baseline.
Primary and Secondary Outcomes
During the intervention period, there were 120 non-accessrelated hospitalizations in the Crit-Line monitoring group and 81 non-access-related hospitalizations in the conventional monitoring group. The unadjusted risk ratio (RR) for nonaccess-related hospitalization was 1.49 (95% CI 1.07 to 2.08; P ϭ 0.017) in the Crit-Line monitoring group as compared with the conventional group (Table 2) . Although the RR for hospitalizations from cardiovascular and other causes were similar (RR ϭ 1.47 and 1.50, respectively), of these two, only the RR for other causes achieved conventional statistical significance (P ϭ 0.088 and 0.022, respectively). The rates for access-related hospitalizations were not significantly different between groups. When adjusted for dialysis site, race, gender, cause of ESRD (diabetes, hypertension, or other), age, peripheral vascular disease, chronic obstructive pulmonary disease, and cardiac disease, the RR in the Crit-Line monitoring group as compared with the conventional monitoring group for non-access-related and access-related hospitalization were 1.61 and 1.52, respectively (P ϭ 0.01 and 0.04, respectively; Table 3 ). Further categorization of hospitalizations as cardiovascular and other yielded RR of 1.85 and 1.53, respectively (P ϭ 0.006 and 0.02, respectively). The impact of dialysis center on the outcomes was tested; no significant association was noted.
During the intervention phase, no differences were noted between groups with respect to change in pre-and postdialysis systolic and diastolic BP (P ϭ 0.59 and 0.61, respectively); estimated dry weight (P ϭ 0.97); cardiothoracic ratio (P ϭ 0.51); phase angle (P ϭ 0.67); lean body mass (P ϭ 0.86); number of antihypertensive medications prescribed (P ϭ 0.80); number of hemodialysis-related complications (P ϭ 0.41); number of intradialytic episodes of cramping, dizziness, or nausea (P ϭ 0.86); number of hypotensive episodes (P ϭ 0.48); frequency of use of intradialytic medications (P ϭ 0.80); prescription of cool dialysate (P ϭ 0.77) or sodium modeling (P ϭ 0.98); frequency of delayed discharge from the dialysis unit (P ϭ 0.54); frequency of unscheduled hemodialysis treatments (0.66); or frequency of hypoxemic episodes (P ϭ 0.16; Table 4 ).
Mortality at 6 mo was greater in the Crit-Line than the conventional monitoring group (8.7 and 3.3%, respectively; P ϭ 0.021 by log-rank test). Table 5 lists investigator-reported causes of death. a After the database was locked, it was discovered that the treatment group for one patient had not been recorded. This patient had been assigned to the conventional monitoring group and was included in that group for all analyses presented in this article. Another patient had been coded incorrectly as being monitored by the Crit-Line device; the patient was treated as part of the conventional monitoring group. The results contained in this table reflect the patient as receiving conventional care (as treated). Analysis performed on the database as it was locked demonstrate a relative risk (RR) of 1.51 (P ϭ 0.014) for nonaccess-related hospitalizations and 1.71 (P ϭ 0.013) for access-related hospitalizations. CI, confidence interval. 
Intradialytic Changes in Blood Volume
Highly variable implementation of the monitoring and interventional algorithm occurred within and across dialysis units; the causes were not collected. Before the intervention, 69 and 68% of patients in the Crit-Line and conventional monitoring groups, respectively, had 3 to 8% change in intravascular volume during hemodialysis (Table 6 ). After intervention, 68 and 65% of patients in the Crit-Line and conventional monitoring groups, respectively, had 3 to 8% change in intravascular volume. Statistical comparisons of changes in the intradialytic blood volume for individual patients was precluded by the large proportion of patients without available curves as a result of death, hospitalization, or missing data (n ϭ 107; 24.1%). Because specific dialysis-related interventions were not correlated directly with the Crit-Line profiles, these interventions could not be linked to intravascular volume curves.
Comparisons with Prevalent Hemodialysis Patients
We compared the CLIMB Study patients with a contemporary US hemodialysis population to evaluate the external validity of these findings (18). The mean ages of US and CLIMB Study patients were 60.3 and 59.2 yr, respectively (NS). Fiftyone percent of CLIMB Study patients and 53.2% of US hemodialysis patients were male (NS). There were no differences in the racial distribution or the prevalence of diabetes. The annualized mortality rates in the Crit-Line and conventional monitoring groups were 17.4 and 6.4%, respectively, compared with 23.7% among US hemodialysis patients. The standardized mortality ratios for the Crit-Line and conventional monitoring groups were 0.77 (NS compared with the US hemodialysis population) and 0.26 (P Ͻ 0.001), respectively (19) ( Table 7) . The annualized hospitalization rates in the Crit-Line and conventional monitoring groups were 1.51 and 1.03 hospitalizations per year compared with 2.01 in the US hemodialysis population, respectively (13) .
Discussion
In the CLIMB Study, greater non-access-and access-related hospitalizations and mortality were observed for Crit-Line than for conventional monitoring patients. Moreover, the changes of common dialysis-associated complications or need for intradialytic interventions was not different between the groups.
These findings are at odds with several previous reports (5,8 -11) . One potential explanation is that the greater hospitalization rate in the Crit-Line group reflects a differential vigilance or responsiveness to morbidity, suggesting that the use of IBVM should improve care: Greater hospitalizations reflect interventions to improve outcomes. However, this hypothesis is incongruous with the increased mortality among the Crit-Line monitoring group. A second potential explanation is that IBVM prompted interventions that increased morbidity and mortality for the Crit-Line monitoring group (e.g., IBVM may have prompted overzealous ultrafiltration). The stable ultrafiltration profiles and volume surrogates suggest that Crit-Line did not result in an aggressive change in ultrafiltration. Although informative censoring may be present, 69 and 68% of the patients had fluid removal at the rate of 3 to 8% at the beginning and end of the CLIMB Study, respectively. Stability in this treatment parameter may reflect inaction in response to fluid removal rates outside the 3 to 8% rate or an inability to achieve fluid removal rates of 3 to 8% for a greater percentage of patients. The stability of volume surrogates across treatment groups supports that the availability of the Crit-Line did not systematically alter net ultrafiltration.
Despite the ultrafiltration profiles, the hypothesis that inaction resulted in adverse events is incongruous with the axiom that limited execution of an intervention on an experimental group biases toward the null. Instead, the findings of adverse outcome differences between the conventional and Crit-Line monitoring groups suggest that some care differences may have occurred, albeit not apparent from the rate of fluid removal and other volume-related surrogates. We are unable to define these differences. A third potential explanation is that IBVM may have distracted providers from other critical activities that affect patient outcomes. We have no data to validate this hypothesis, and no reasonable construct is available to define these behaviors.
Although the CLIMB Study patients reflected the prevalent adult ESRD population by baseline demographics and characteristics (18), their mortality and hospitalization outcomes were highly distinguishable. The patients who underwent conventional monitoring had hospitalization and death rates that were less than those in the prevalent ESRD population. Thus, in comparison with a historic control group, the Crit-Line monitoring group had no worse mortality. The conventional monitoring group had significantly better-than-expected mortality and hospitalization rates potentially related to the Hawthorne effect. Supporting this was the observation that most patients had 3 to 8% ultrafiltration at study entry. This unexpectedly high proportion (9) may reflect a higher baseline standard of care using conventional volume monitoring that continued through the intervention phase. An alternative explanation is that randomization failed to distribute equally the uncollected clinical variables that were associated with outcomes. The distribution of captured clinical parameters makes this unlikely.
From one perspective, the CLIMB Study offers statistical evidence that the availability of IBVM does not improve patients' outcomes and contributed to increased morbidity and mortality. By this data interpretation, the CLIMB Study in- 21) , and pulmonary artery pressure catheters are an example of the latter (22) (23) (24) (25) . Thus, a cautionary note is sounded about accepting intuitively appealing medical device constructs without a formally structured evaluation of their impact on health outcomes. Alternatively, despite the randomized trial design and consistent statistical findings, some investigators believed that clinical logic is violated by the CLIMB Study findings. First, findings of increased mortality and morbidity resulting from the extracorporeal attachment of a photometric measurement device seem clinically unreasonable. Second, nearly equivalent hospitalization risk was offered across all categories. It is difficult to understand how IBVM led to higher non-volumerelated hospitalizations.
The perception that randomized, clinical trials are such a best demonstrated practice that the results are virtually irrefutable has been challenged (26, 27) . When clinical logic is challenged or violated substantially, structured validity analysis using analytical tools that are external to the study per se can be applied before broad inferences for patient care are derived (28 -30) . The validity analysis herein showed that the hospitalization rates and death in the conventional monitoring group were substantially lower than those in the general dialysis population. By this construct, a randomization failure, unintended selection bias, or too short observation period may account for the associations between the Crit-Line assignment and increased clinical events. However, no evidence exists for these explanations.
The CLIMB Study has a number of limitations. First, the study design does not permit us to determine the efficacy of Crit-Line had it been used more aggressively and in strict adherence to both an interpretative and a treatment pathway. The relevance of this distinction is notable; another study suggests that different results can be obtained with prescriptive IBVM in a closed feedback loop (10) . Second, the study did not selectively identify and enroll patients with ongoing clinical issues of volume management. The benefit of IBVM may vary for selected patient subgroups, such as those with cardiomyopathies, dysautonomias, or large interdialytic weight gains (4) . In addition, cause of hospitalization was not centrally adjudicated. Finally, the observation period used for this study was 6 mo, and the findings might have been different with a longer horizon.
In conclusion, in a randomized, controlled trial of adult hemodialysis outpatients, the availability of IBVM with Crit-Line was associated with more non-access-and access-related hos- pitalizations and mortality than patients who received conventional monitoring. No differences in other measures that are thought to reflect intradialytic volume management were observed. Although the atypically low hospitalization and mortality rates in the conventional monitoring group may limit the external validity of the findings, the possibility exists that behaviors associated with the availability of Crit-Line in hemodialysis patients were associated with risks. a Data from 10 patients were missing preintervention and from 107 postintervention. Percentages were calculated by excluding patients for whom data were missing. 
